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Abstract

Dynamic loading on articular joints is essential for the evaluation of the risk of the articulation
degeneration associated with occupational activities. In the current study, we analyzed the
dynamic constraint loading for the thumb during pipetting. The constraint loading is considered as
the loading that has to be carried by the connective tissues of the joints (i.e., the cartilage layer and
the ligaments) to maintain the kinematic constraints of the system. The joint loadings are solved
using a classic free-body approach, using the external loading and muscle forces, which were
obtained in an inverse dynamic approach combined with an optimization procedure in awveoov. The
constraint forces in the thumb joint obtained in the current study are compared with those obtained
in the pinch and grasp tests in a previous study (Cooney and Chao, 1977, “Biomechanical
Analysis of Static Forces in the Thumb During Hand Function,” J. Bone Joint Surg. Am., 59(1),
pp. 27-36). The maximal compression force during pipetting is approximately 83% and 60%
greater than those obtained in the tip pinch and key pinch, respectively, while substantially smaller
than that obtained during grasping. The maximal lateral shear force is approximately six times, 32
times, and 90% greater than those obtained in the tip pinch, key pinch, and grasp, respectively.
The maximal dorsal shear force during pipetting is approximately 3.2 and 1.4 times greater than
those obtained in the tip pinch and key pinch, respectively, while substantially smaller than that
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obtained during grasping. Our analysis indicated that the thumb joints are subjected to repetitive,
intensive loading during pipetting, compared to other daily activities.
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1 Introduction

Osteoarthritis (OA) is a common joint disease that frequently involves joints of the hand. A
survey study indicated that the presence of radiographic OA in at least one hand joint
reaches 67% in women and 55% in men among individuals older than 55 years [1]. In a
separate study [2,3], the prevalence of radiographic hand OA in older populations was found
to be as high as 85% in women and 75% in men. The thumb carpometacarpal (CMC) joint is
the second most frequent hand joint for OA, second to the distal interphalangeal (DIP) joint
of the index finger [1,4]. The top joint-specific hand OA prevalence rates are in the second
DIP, first CMC, and third proximal interphalangeal (PIP) and reach about 35%, 21%, and
18%, respectively [4]. Although hand OA has been linked to numerous factors, mechanical
loading was identified as one of the most important risk factors [5]. Moderate hand use is
found to be beneficial to the finger joints [6], whereas extensive, repeated loading will
induce joint degeneration [7]. Strong evidence has linked the initiation and development of
OA in the CMC joint to occupational activities that require repeated, forceful thumb motions
[8]. Despite numerous epidemiological studies, joint loading of the thumb associated with
the occupational activities has not been quantified.

There are limited studies to quantify joint loading in the thumb in the literature. Cooney and
Chao [9] analyzed the thumb joint loading during static pinch and grasp using five cadaver
specimens. They found that the joint contact force in interphalangeal (IP),
metacarpophalangeal (MP), and CMC joint reached 29.4 N, 52.9 N, and 117.6 N,
respectively, in simple pinch with an applied force of 9.8 N. The compressive force in the
CMC joint reached as great as 1176 N during strong grasp tests. Their analysis indicated that
the CMC joint is subjected to substantial loading in normal activities and this coincides with
the high OA prevalence rate in epidemiological studies.

One occupational activity that exposes workers to repetitive, forceful loading of the thumb is
the use of thumb-push manual pipettes, which are widely used in laboratories of medical,
biological, and chemical research. The force applied to the pipette or musculoskeletal
loading while pipetting has been rarely quantified in previous studies. Fredriksson [10]
investigated the relationship between the push forces at the thumb required to operate a
pipette and the participants’ thumb strength. Asundi et al. [11] performed more extensive
biomechanical analysis; they measured the thumb push force and electromyography (EMG)
activities in four extrinsic muscles for different pipetting tasks. The dynamic forces applied
on the thumb joints during pipetting have not been evaluated.

Our previous study [12] indicated that the compression force at the plunger button during
pipetting reaches the magnitudes observed in other activities, such as pinching [13] and jar
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opening [14]. Considering the repetitive loading nature during pipetting, the thumb joints
may experience excessive loading compared to those in other occupational or daily
activities. In order to assess the risk of articulation degeneration associated with the pipette
operation, it is necessary to evaluate the dynamic loading on the articular joint. The goal of
the current study was to characterize the dynamic loading in the thumb joints during
pipetting. Our hypothesis is that maximal joint loading during pipetting will occur in the
CMC joint of the thumb.

2.1 Test Setup and Experimental Design

The test-setup is similar to that used in our previous study [12]. A typical thumb-activated
pipette (P200, Pipetman, Gilson, Inc, Middleton, WI) was instrumented and utilized in the
tests (Fig. 1(a)). A miniature force sensor (Series LBS-111 N, Interface Inc., Scottsdale, AZ)
was installed under the plunger button to measure the plunger force. Kinematics for the
thumb, fingers, hand, and forearm were determined using methods similar to those in
previous studies [12,15,16]. Briefly, three semispherical, retroreflective markers (4 mm
diameter) were placed on each of the finger/thumb/hand segments using a thin self-adhesive
tape (Fig. 1(a)). Motion capture markers were placed on the plunger press button and the
pipette handle to determine relative displacement of the plunger button. Twelve finger
segments, three thumb segments, a hand, and a forearm segment were considered in the
kinematic analysis. The motion marker trajectories were recorded by using a 14-camera
Vicon Nexus system (Oxford Metrics Ltd., Oxford, UK) at 100 Hz. Kinematic data were
collected from eight subjects. All eight subjects were right-handed, experienced laboratory
technicians. During the tests, the subjects were instructed to extract the fluid from one
container on their left side and dispense it to another container on their right side. In the
extraction action, the subjects pressed the plunger button to the first stop and extracted the
fluid by releasing the button; in the dispensing action, the subjects depressed the plunger
button to the second stop to completely dispense the fluid. No particular pipetting rate was
set for the subjects. The study protocol was approved by the NIOSH HSRB (Human
Subjects Review Board, National Institute for Occupational Safety and Health).

2.2 Multibody Dynamical Modeling of Pipetting

The hand model is similar to that used in our previous studies [12,17]. Briefly, the hand is
modeled as a multibody linkage system and includes four fingers (index, long, ring, and
little finger), a thumb, a palm, and a forearm segment (Fig. 1(b)). Each of the fingers is
comprised of a distal, intermediate, and proximal phalanx, and a metacarpal, which are
linked by three joints (i.e., DIP, PIP, and metacarpophalangeal (MCP) joints). The thumb is
comprised of a distal and proximal phalanx, a metacarpal bone, and a trapezium, which are
also linked by three joints (i.e., IP, MP, and CMC joints). The current study is focused on
the thumb; therefore, it includes only nine muscles that are attached to the thumb (i.e., flexor
pollicis longus, extensor pollicis longus, extensor pollicis brevis, abductor pollicis longus,
flexor pollicis brevis, abductor pollicis brevis, the transverse head of the adductor pollicis,
the oblique head of the adductor pollicis, and opponens pollicis (OPP)). The hand model
was developed on the platform of the commercial software package anveoov (version 5.0;
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AnyBody Technology, Aalborg, Denmark). The dimensions of the thumb and finger
segments of each subject have been measured and applied to scale the model. However,
generic muscle/tendon models and parameters were applied for all subjects. The muscle
forces were calculated using an inverse dynamic approach combined with an optimization
procedure in anveooy, in which the maximal normalized muscle force is minimized [12,17].
The time-histories of each joint angle and the interface contact force between the thumb tip
and the pipette’s dispense plunger button were applied as model input, whereas the
corresponding time-histories of the excursions and forces of muscle—tendon units of the
thumb were predicted.

2.3 Calculation of Joint Loading of the Thumb

After all muscle forces are calculated, the joint loadings are solved using a classic free-body
approach, similar to that applied by Cooney and Chao [9]. The muscle forces and joint
loadings of each subject were calculated individually. The joint constraint loadings are the
forces and moments that the joints have to withstand to enforce the kinematic constraints of
the system.

The IP joint has one degree-of-freedom (DOF) (flexion/extension). The joint applies two
rotational constraints (adduction/abduction and internal/external rotations) and three
translational constraints to the system, consequently, and it has to resist two constraint
moments (My and My) and three constraint forces (Ry, Ry, and R,). The constraint forces and
moments in the IP joint are solved by an equilibrium considering only the distal phalanx, as
illustrated in Fig. 2. The forces in the muscles across the IP joint and the external forces
applied on the segment are considered in the calculations. The compressive constraint force
(Ry) is applied on the cartilage layer, whereas the dorsal (Ry) and radial (R,) shear forces are
carried by the ligaments. The joint constraint moments, My and My, are to withstand the
axial (internal/external rotation) and the lateral (radial) bending, respectively.

The MP joint has two DOFs (flexion/extension and adduction/abduction); and it applies one
rotational (internal/external rotation) and three translational constraints to the system;
correspondingly, it has one constraint moment (M) and three constraint forces (Ry, Ry, and
R,). The constraint forces and moments in the MP are solved by an equilibrium, as
illustrated in Fig. 3, in which the distal and middle phalanx are considered. The forces in the
muscles across the MP joint and the external forces applied on the segments are considered
in the calculations.

The CMC joint has three DOFs (flexion/extension, adduction/abduction, and internal/
external rotation). It applies three translational constraints to the system, consequently, it has
only three constraint forces (Ry, Ry, and R;). The constraint forces in the CMC joint are
solved by an equilibrium as illustrated in Fig. 4, in which the distal, middle, and proximal
phalanx are considered. The forces in the muscles across the CMC joint and the external
forces applied on the three segments are considered in the calculations.
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Since the extraction and dispensing actions are cyclic in nature, the time-histories of the
plunger displacement and push force, as well as all calculated parameters, are summarized in
terms of task cycle, as traditionally treated in the gait analysis [18,19]. The entire work cycle
has been divided into the extraction and dispensing cycles. The mean time period of the
extraction and dispensing task was 1.98(standard deviation 0.49) s and 1.96(standard
deviation 0.41) s, respectively. All forces and moments are presented in positive values or in
magnitude.

The plunger push force and displacement as a function of the task cycle is shown in Figs.
5(a) and 5(b), respectively. The peak push force for the extraction and dispensing cycles was
approximately 7 N and 25 N, respectively, and occurred at 59% and 75% work cycle.

The calculated lateral and dorsal shear force and contact force as a function of the work
cycle for the CMC joint are shown in Fig. 6. The joint constraint force is predominantly in
the axial direction. The mean lateral and dorsal shear force, and mean contact force reached
approximately 33 N, 133 N, and 166 N, respectively; all occurred around 75% of the
dispensing cycle.

The calculated lateral and dorsal shear force and contact force as a function of the work
cycle for the MP joint are shown in Fig. 7. The joint constraint force in the MP joint is
similar in both trend and magnitude to those in the CMC joint. The mean lateral and dorsal
shear force, and mean contact force reached approximately 47 N, 128 N, and 178 N,
respectively; all occurred around 75% of the dispensing cycle.

The calculated lateral and dorsal shear force and contact force as a function of the work
cycle for the IP joint are shown in Fig. 8. The joint constraint force in the IP joint is
substantially smaller than those observed in the MP and CMC joints. The mean lateral and
dorsal shear force, and mean contact force reached approximately 34 N, 30 N, and 59 N,
respectively; all occurred around 75% of the dispensing cycle.

The magnitude of the joint constraint forces as a function of the work cycle for the CMC,
MP, and IP joints are shown in Fig. 9. The peak value of the constraint force occurred near
75% of dispensing cycle and reached approximately 222 N, 225 N, and 74 N in CMC, MP,
and IP joints, respectively.

The axial constraint moment in MP joint, the lateral bending and axial constraint moment in
IP joint are plotted as a function of the work cycle in Fig. 10. The maximal constraint
moment was found to be 0.62 N m in the MP axial constraint. The peak bending and axial
constraint moment in IP was 0.23 N m and 0.16 N m, substantially smaller that that in the
MP joint.

4 Discussion and Conclusion

The function of the thumb for daily activities requires that it generates enough power and, at
the same time, maintains mechanical stability. Strength is generated by the coordinated

J Biomech Eng. Author manuscript; available in PMC 2016 March 08.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu et al.

Page 6

action of the muscle/tendon forces, while the stability is maintained by the constraining
forces of the joint capsule and ligaments and the contact forces across the articular cartilage.
Excessive and repeated loading at the thumb during pipetting will potentially cause
excessive constraining forces and contact forces in the MP and CMC joints—factors
generally accepted to be associated with the initiation of joint degeneration and OA. Thus,
the current model and the analysis would provide a biomechanical foundation for the
ergonomic tool design to reduce occupational injuries.

The constraint forces in the thumb joint obtained in the current study are compared with
those obtained in the pinch and grasp tests by Cooney and Chao [9] (Table 1). The maximal
constraint forces during pipetting were found in different DOFs than those observed in pinch
and grasp tests.

The maximal compression force during pipetting obtained in the current study is 178 N,
which is approximately 83% and 60% greater than those obtained in the tip pinch (97.3 N)
and key pinch (111.4 N), respectively, while substantially smaller than that obtained in grasp
(1223 N) [9] (Table 1, right column). The trend of our results differs from the previous study
in that the maximal compressive force was found in the MP joint (178 N) and was close in
magnitude to that in the CMC joint (160 N), whereas the maximal compressive force was
predominantly in the CMC joint in the previous study. The ratio of the maximal joint force
to the force applied at the thumb tip for the current study was approximately 9, which is
smaller than that observed in the tip pinch (16), key pinch (19.5), and grasp tests (14.4) [9].
Due to the repetitive loading nature during pipetting, the cartilage layer in the CMC and MP
joints may be subjected to substantially higher compressive loading intensity than in other
daily activities, such as pinch and grasp. Ateshian et al. [20] showed that the forces
produced by lateral pinch are generally concentrated at the same region where cartilage
thinning is most often observed in cadavers, indicating that the compressive stress in
cartilage of the CMC joint could be a significant precursor to articular joint degeneration.
Therefore, prolonged pipetting operation could increase the risk of the CMC joint
degenerations.

The maximal lateral shear force during pipetting in the current study is found to be 133 N,
observed in the CMC joint, which is approximately six times, 32 times, and 90% greater
than those obtained in the tip pinch (19 N), key pinch (4 N), and grasp (69 N) [9],
respectively. The maximal dorsal shear force during pipetting is found to be 47 N in the MP
joint, which is approximately 320% and 140% greater than those obtained in the tip pinch
(11 N) and key pinch (19 N), respectively, while substantially smaller than that obtained in
grasp (200 N) [9].

The lateral and dorsal shear forces are carried by the ulnar collateral ligaments (UCL), radial
collateral ligament (RCL), and the joint capsules. UCL and RCL injuries are common in
occupational and sports activities [21-23]. Although the magnitude of the lateral shear
forces observed in our study is far less than the level that would cause the ligament to
rupture [24], the repetitive loading may potentially induce degenerative adaptation of the
UCL and RCL. The anterior oblique ligament, UCL, and RCL have been described as
primary dynamic stabilizers of the thumb, especially during pinch and opposition of the
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thumb [25]. Intensive, repetitive loading on these ligaments may cause inflammation and
laxity of the ligaments, leading to the CMC joint instability, which is considered as a
precursor to the degeneration of the joint [26,27].

The constraint loading is considered as the loading that has to be carried by the connective
tissues of the joints (i.e., the cartilage layer and the ligaments) to maintain the kinematic
constraints of the system. Excessive constraint loading of the joints may induce degeneration
of the cartilage layer, laxity of the ligaments, and joint instability, leading to the
development of OA at the thumb. Our analysis indicated that the thumb joints are subjected
to repetitive, intensive loading during pipetting, compared to other daily activities.
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(b)

Fig. 1.
Experimental setup and modeling of pipetting. (a) A subject operating the pipette during the

testing. (b) Model of the entire hand with thumb, containing detailed muscle—tendon
connections.
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AR FLE/EXT Axis

Fig. 2.
Determination of the constraint forces (Ry, Ry, and R,) and moments (My and My) in the IP

joint
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ABD/ADD Axis

R FLE/EXT Axis

Fig. 3.
Determination of the constraint forces (Ry, Ry, and Ry and moment (M) in the MP joint
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ABD/ADD Axis

FLE/EXT Axis

INT/EXT Rot Axis

Fig. 4.
Determination of the constraint forces (Ry, Ry, and Ry) in the CMC joint
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Dispense

B
o

Cycle (%) Cycle (%)

Fig. 5.
Histories of the push force and button displacement during the extraction and dispensing

cycles. (a) The push force as a function of pipetting cycle. (b) The button displacement as a
function of pipetting cycle. The solid lines represent the mean values of all eight subjects’
data and the dotted lines are the standard deviations.
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Variations in the MP joint constraint forces during the extraction and dispensing cycles. The
left and right columns of the plots show the forces in the extraction and dispensing phases,
respectively. The mean values are shown in solid lines, whereas the standard deviations of

the data are shown in dotted lines.
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Fig. 8.
Variations in the IP joint constraint forces during the extraction and dispensing cycles. The

left and right columns of the plots show the forces in the extraction and dispensing phases,
respectively. The mean values are shown in solid lines, whereas the standard deviations of
the data are shown in dotted lines.
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Fig. 9.
Variations in the resultant constraint forces in the CMC, MP, and IP joints during the
extraction and dispensing cycles
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Fig. 10.
Variations in the constraint moments in the IP and MP joints during the extraction and

dispensing cycles
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Comparison of the constraint forces and moments in the IP, MP, and CMC joints obtained in the current study
with those by Cooney and Chao [9]

1P MP  CMC

Tip pinch Compression (Ry) (N) 29.6 54.2 97.3
E?am)y and Chao [9] Lateral shear (R)) (N) 2.3 19.4 17.2
Dorsal shear (R,) (N) 1.2 6.5 115

Axial rot. M (M,) (N m) 0.0 0.0 0.2

Lateral bending M (M) (N m) 0.0 0.0 0.0

Key pinch Compression (Ry) (N) 28.7 55.3 111.4
E?cf)rlm\é)y and Chao [9] Lateral shear (R)) (N) 1.0 4.4 2.0
Dorsal shear (R,) (N) 70 194 18.6

Axial rot. M (M,) (N m) 0.0 0.1 0.2

Lateral bending M (M) (N m) 0.0 0.0 0.0

Grasp Compression (Ry) (N) 183.8 582.6 1223.0
(Cgt?olr\llgy and Chao [9] Lateral shear (R)) (N) 00 392 69.1
Dorsal shear (R, (N) 38.7 199.9 113.7

Axial rot. M (M,) (N m) 0.0 11 14

Lateral bending M (My) (N m) 0.0 0.0 0.0

Pipetting Compression (R,) (N) 59.0 178.0 160.0
(czl?r::z]t study Lateral shear (R)) (N) 30.0 128.0 133.0
Dorsal shear (Ry) (M) 34.0 47.0 33.0

Joint force mag. (F) (N) 744 2242  210.7

Axial rot. M (M,) (N m) 0.2 0.6 0.0

Lateral bending M (My) (N m) 0.2 0.0 0.0
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